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Band Structure and Fermi Surface of
Electron-Doped C60 Monolayers
W. L. Yang,1,3 V. Brouet,3,1,4 X. J. Zhou,3 Hyoung J. Choi,5

Steven G. Louie,2,5 Marvin L. Cohen,2,5 S. A. Kellar,3 P. V. Bogdanov,3

A. Lanzara,3 A. Goldoni,6 F. Parmigiani,7 Z. Hussain,1 Z.-X. Shen3*

C60 fullerides are challenging systemsbecause both the electron-phonon and electron-
electron interactions are large on the energy scale of the expected narrow bandwidth.
We report angle-resolved photoemission data on the band dispersion for an alkali-
doped C60 monolayer and a detailed comparison with theory. Compared to the max-
imum bare theoretical band width of 170 meV, the observed 100-meV dispersion is
withintherangeof renormalizationbyelectron-phononcoupling.Thisdispersion isonly
a fraction of the integrated peak width, revealing the importance of many-body
effects. Additionally, measurements on the Fermi surface indicate the robust-
ness of the Luttinger theorem even for materials with strong interactions.

Exhibiting properties such as high transition
temperature superconductivity (1) and anti-
ferromagnetism (2), C60-based fullerides are

ideal model compounds for exploring key
conceptual issues in strongly correlated phys-
ics (3). As in typical molecular systems, the

bands formed through the overlap of the C60

molecular levels are expected to be narrow,
on the order of 0.5 eV for the lowest unoc-
cupied molecular orbital (LUMO)–derived
band (4). On the other hand, the Coulomb
repulsion between electrons is larger [more
than 1 eV (5)], and some phonons have very
high energies [up to 200 meV (3)] compara-
ble to the expected bandwidth of half-filling.
This set of parameters suggests a totally non-
conventional behavior: On one hand, the
strong electron-electron interaction predicts
the proximity of metal-insulator transitions of
the Mott-Hubbard type, whereas the high
phonon frequencies predict a breakdown of
the adiabatic approximation. In angle-
integrated photoemission measurements
(AIPES), the width of the LUMO peak,
which naively corresponds to the band width,
appears much wider (
1 eV) than the theo-
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retical estimation. Although of fundamental
importance to addressing this issue, the ob-
servation of band dispersion has remained
elusive after a decade of intense efforts. This
is a testimony to the technical challenges
imposed by the detection of such a narrow
band, with threefold degeneracy, in a small
Brillouin zone (BZ), as well as particular
matrix element effects and/or disorder in
samples. We detected with synchrotron light
a clear band dispersion of 100 meV for a C60

monolayer doped by K to approximately half-
filling, indicating that the width of the AIPES
measurement is mainly because of many-
body effects. The experimental results are
compared with a theoretical calculation per-
formed for the same monolayer system. Both
the band width and Fermi velocity are renor-
malized by 40 to 50% as compared with the
maximum bare theoretical dispersion of 170
meV and the calculated Fermi velocity. This
upper bound of renormalization is within the
range explainable by electron-phonon cou-
pling alone using values of the electron-pho-
non coupling constant from the literature (3).
This suggests that the electron-electron cor-
relation is not substantial in reducing the
bandwidth in our monolayers although it is
expected to be strong in this system (3, 5). An
extremely short mean-free path can be in-
ferred from the momentum peak width but
does not preclude a complete mapping of the
Fermi surface (FS). Its volume obeys the
Luttinger theorem, although the complex in-
teractions and short mean-free path may
question its validity.

We carried out high-resolution angle-
resolved photoelectron spectroscopy (ARPES)
on single crystalline K-doped C60 monolayers
prepared in situ. The ARPES data presented
here were collected with photon energy of 35
eV and with the direction of incident beam
polarization almost perpendicular to the sample
surface, whereas results have been confirmed
with the use of other photon energies and on
different samples (6).

A thick multilayer C60 film, grown at 400
K, was annealed at above 600 K to yield a
C60 monolayer (7–9). K was then introduced

with the use of an SAES getter source [for
example, (7, 10)]. The low-energy electron
diffraction (LEED) patterns (Fig. 1, A to C)

indicate a hexagonal lattice structure of C60

monolayer (Fig. 1, B and C) on the Ag(111)
surface (Fig. 1A). The distance between C60
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sità Cattolica del Sacro Cuore, Via dei Musei 41,
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Fig. 1. LEED patterns
and angle-integrated
photoemission data.
LEED patterns of (A) a
clean Ag(111) surface
at 114 eV electron
beam energy, (B) a
pure C60 monolayer at
22 eV, and (C) a K3C60
monolayer at 22 eV.
The orientation of the
hexagon in (B) and (C)
is rotated by 30° com-
pared to (A). (D) Sche-
matic view of the real
space structure of C60
molecules (larger cir-
cles) on Ag(111) sur-
faces (small dots). (E)
Valence band mea-
sured by angle-inte-
grated photoemission
on C60, K3C60, and
K6C60 monolayers
(MLs). The inset is an
enlargement of the
spectra near Fermi
level as compared to
data digitized from
(12).

Fig. 2. Integrated spectral weight near the Fermi energy on K3C60 monolayer. BZ boundaries (straight
lines) are calculated on the basis of LEED. Dotted circles are guides showing a ring-like shape surrounding
each �� point. The occupied states are along zone boundaries. The data were taken in the left half of the
color image and were symmetrized along the x � 0 line accordingly with symmetry consideration.
The purple line shows the measuring direction for the dispersion in Fig. 3. k// is the electron
momentum, and the color scale indicates the minimum and maximum of the intensity.
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molecules is estimated to be 10.02 Å from the
Ag fcc lattice constant (Fig. 1D).

Figure 1E depicts three AIPES data mea-
sured on C60 films with and without K dop-
ing. For the pure C60 monolayer, there is a
small contribution to the density of states at
the Fermi level because of the charge transfer
from the Ag substrate. With K doping, the
LUMO-derived band, which is triply degen-
erated (4), is filled by electrons from K up to
K6C60 (7, 11). By integrating the LUMO
peaks in AIPES data and taking the K6C60

spectra as a reference with charge transfer of
6 (Fig. 1E), we estimated the charge transfer
to C60 molecules to be about 0.7 for the pure
C60 monolayer [comparable to 0.75 in (7)],
and 3.3 for the intermediately K-doped sam-
ple, which we refer to as a K3C60 monolayer
hereafter. The peak at the Fermi level, togeth-
er with the shoulders at higher energy (Fig.
1E, inset), resemble those observed in the
gas-phase C60

–, where the shoulders were
interpreted in terms of phonon satellites (12,
13). This feature is clearer in the pure C60

monolayer compared to K-doped samples.
The 100-meV phonon behavior is enhanced
compared with the gas-phase data, suggesting

a modification due to band structure effect
and/or electron-phonon coupling.

The two-dimensional (2D) FS map of the
K3C60 monolayer (Fig. 2) shows a periodicity
in momentum space that matches very well
with the C60 BZ deduced from LEED. This
map, obtained by integrating the spectral
weight over a �20-meV energy window at
the Fermi level throughout the BZ, shows a
ring encircling low spectral intensity around
each �� point for all the BZs. As discussed
below, these low-intensity regions are unoc-
cupied states, so we have a hole-like circular
2D FS around each �� . The change of the
intensity at the equivalent symmetric points
may be because of matrix element effect
and/or asymmetries from measuring geome-
try. A similar result was also verified with the
use of 45-eV photons.

The dispersion of the partially filled conduc-
tion (LUMO-derived) band was determined,
approximately along the �� -M� direction (purple
line in Fig. 2), from angle-resolved EDCs (en-
ergy distribution curves). The band disperses in
the energy scale of about 100 meV and crosses
the Fermi level at 0.15 to 0.2 Å�1 in momen-
tum space (Fig. 3, A to C). This result shows

that the closed area around the � point is “un-
occupied,” and the occupied states are along the
BZ boundary, complementing the results of the
FS map (Fig. 2). To extract the shape of the
dispersion quantitatively near the Fermi level,
we studied the MDCs (momentum distribution
curves), and the positions of the MDC peaks
around Fermi level are shown as the purple dots
in Fig. 3B. The Fermi velocity, �F, defined as
the slope of the dispersion at Fermi energy (EF),
is 7.9 (�0.9) � 106 cm s�1, corresponding to
an effective mass of m* equal to 2me to 4me (me

is the free electron mass).
For quantitative analysis, we studied the

crystal and electronic structures of K3C60

monolayers with the use of ab initio pseudopo-
tential density functional calculations (14–17)
in the local density approximation (LDA). The
positions of the three K atoms and the center of
mass of the C60 molecule are relaxed according
to ab initio forces on top of the Ag surface
represented by six layers of Ag atoms. The
calculated LUMO-derived band dispersions are
so sensitive to the orientations of C60 molecules
that we can determine a very specific orienta-
tion of C60 as a model for the experimental
samples by comparing the theoretical disper-

Fig. 3. Band dispersion measured on a
K3C60 monolayer at 35 eV photon en-
ergy. The measuring direction, which is
approximately along �� -M� , is indicated
by the purple line in Fig. 2. (A) Angle-
resolved EDCs with emission angle
from –0.8 Å�1 (–16.5°) to –0.15 Å�1

(–3°). The red arrows show the main
peak position, also plotted in (C) as the
red solid circles, corresponding to the
band dispersion. The weak peak at 100
meV (blue arrows), also shown as the
blue circle in (C), is probably because of
phonon shake-up structure. (B) Image
plot of photoelectron intensity versus
energy and emission angle. Data were
collected on two samples below and
above x � –0.2 Å�1, respectively, with
very good reproducibility. Color legend
is the same as that of Fig. 2. The band
disperses above Fermi level around
each �� point. For comparison, two sub-
bands from theoretical calculations are
shown as dotted lines. At the second
BZ, the intensity below Fermi level
around “�� ” is probably because of the
misalignment (about 12° off the �� -M�
direction as shown in Fig. 2), which
may also mix some contribution of the
�� -�� component. This misalignment
also contributes to the a-little-shorter
experimental �� -“�� ” distance as com-
pared to theory. The extremely narrow
band and small BZ make high zone
measurements more difficult. (C) The
maximum peak position of EDCs in (A)
(red solid circles). The error bars corre-
spond to the peak widths in (A). The
dotted lines are again the calculated
bands, which are shifted left by 0.03 Å�1 (0.6° in emission angle, within
experimental error bar) to match the experimental data better. We cannot
resolve the two subbands in our experiments, but the maximum experimen-

tal dispersion (100 meV ) is smaller than that of the theoretical one (170
meV ). This gives an upper bound of renormalization, although it can be
smaller if one takes some sort of average of the theoretical bands.
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sions with the experiments. The obtained model
orientation (Fig. 4A), whose total energy is only
0.1 eV per C60 higher than the minimum, is
very close to that in solid K3C60. Because the
energy difference is so small (
1 � 10�3

rydberg per atom), it is well within the uncer-
tainties of the LDA for van der Waals solids.

The calculated LUMO-derived bands
(Fig. 4B) are not occupied around the �� point,
consistent with experimental data (Fig. 3B).
The maximum width of the occupied band is
170 meV, and the Fermi velocities are 1.2 �
107 and 1.6 � 107 cm s�1 for two LUMO-
derived subbands, respectively. Both the
band width and the Fermi velocity overesti-
mate the experimental results by 40 to 50%,
implying that the renormalization of the band
width and Fermi velocity from many-body
effects is about a factor of 2 or smaller.
Considering the electron-phonon coupling
constant � � 1 (12), the renormalization is
within the range explainable by electron-
phonon coupling alone (1 � � � 2). There-
fore, the expected strong electron-electron
correlation in the system (5) does not cause a
substantial reduction of the band width, con-
sistent with the density of states extracted
from specific heat measurements in bulk
A3C60 [(18) and the discussions in (19)].
Alternatively, the Coulomb interaction on
C60 molecules could be suppressed because
of the screening effect from the metal sub-
strates in our monolayer samples (20).

From the volume of FS, we can estimate the
amount of charge transfer by assuming that the
observed experimental dispersion (Fig. 3B) cor-
responds to two unresolved bands (Fig. 4B).
The unoccupied area around a �� point in the 2D
FS map (Fig. 2) is about 15 to 40% of the
volume of a BZ. Therefore, the charge transfer
is [1– (15 to 40%)] � 2 (charged subbands) �
2 (electrons per band) 
 2.9 (�0.5) electrons,
consistent with 3.3 deduced from the AIPES
intensity (Fig. 1E). Although the integral meth-
od for determining the charge transfer may
have some error (11), this rough analysis sug-

gests that the Luttinger theorem is valid in our
electron-doped C60 systems.

The clear observation of electronic band
structures and Luttinger Fermi surface in K-
doped C60 is remarkable when considering
the very short mean-free path estimated in
this system (21). The peak width at EF ex-
tracted from MDC is �k � 0.14 � 0.02 Å�1,
yielding a mean-free path l � 1/�k � 7.4 �
0.9 Å here at the experimental temperature,
about 25 K. This value is smaller than the
nearest-neighbor distance between C60 mol-
ecules (
10 Å) but larger than the shortest
C-C distance between two adjacent mole-
cules (
3 Å). It is still unexpected that we
can see very clear dispersion and the Lut-
tinger Fermi surface given such a short l.

Our data show that photoemission data for
the C60 family consist of a coherent part near
Fermi level and an incoherent part below 
100
meV (22). The much larger value of AIPES
peak width, 700 to 1200 meV (Fig. 1) (7, 11,
23, 24), is mainly due to many-body effects
(25). The coherent band shows dispersing peaks
and Fermi surface, and the incoherent features
are characterized by a peak at 100 meV and a
broad shoulder at about 250 meV (Fig. 1E)
(23). The weak 100-meV peak shows very little
dispersion (small blue arrows in Fig. 3A and
blue circles in Fig. 3C), and its energy position
is nearly doping-independent (Fig. 1E, inset).
This can be attributed to phonons, as also dis-
cussed above with AIPES data. We do know
that there are two phonon modes near this
energy in the C60 system (3), but the coupling
with them would have to be stronger to give rise
to a sharper peak than that with other modes.
One possibility is that these phonons could
yield a special feature in the self-energy, be-
cause their frequency is comparable to the
bandwidth, which is an unusual situation but
typical of fullerides. In such a case, the spectral
weight may be pushed beyond the band edge
(26), leading to the formation of the 100-meV
peak and/or part of the 250-meV shoulder. This
250-meV shoulder might also be attributed to

high electron-electron correlation in analogy to
the remnant of lower Hubbard band (23).

The data presented here indicate that the C60

system resembles the cuprates or other transi-
tion-metal oxides in many ways. In both cases,
despite the strong interactions, the effective
mass of the “quasi-particle band” is only slight-
ly renormalized, and the velocity of the quasi-
particle remains high. In both cases, Fermi sur-
faces with about the correct Luttinger volume
are observed in spite of the extremely short
mean-free path, and even the systems have a
strong tendency to show inhomogeneity at a
very small length scale. This suggests that the
Fermi surface and dispersion carry more infor-
mation on local bonding. It would be very
interesting to see whether one can extract more
quantitative information by comparing the
present data with theoretical calculations such
as those using the dynamic mean-field theory
(27, 28), which also starts from a local
perspective.
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Enhanced Upper Tropical
Tropospheric COS: Impact on the
Stratospheric Aerosol Layer

J. Notholt,1* Z. Kuang,2† C. P. Rinsland,3 G. C. Toon,4 M. Rex,5

N. Jones,6 T. Albrecht,5 H. Deckelmann,5 J. Krieg,5 C. Weinzierl,1

H. Bingemer,7 R. Weller,8 O. Schrems8

Carbonyl sulfide (COS) is considered to be a major source of the stratospheric
sulfate aerosol during periods of volcanic quiescence. We measured COS at the
tropical tropopause and find mixing ratios to be 20 to 50% larger than are
assumed in models. The enhanced COS levels are correlated with high con-
centrations of biomass-burning pollutants like carbon monoxide (CO) and
hydrogen cyanide (HCN). The analysis of backward trajectories and global maps
of fire statistics suggest that biomass-burning emissions transported upward by
deep convection are the source of the enhanced COS in the upper tropical
troposphere.

The main sources of COS are direct emis-
sions at the surface and the conversion of
CS2 and DMS (dimethylsulfide) in the at-
mosphere (1–3). Biomass burning is as-
sumed to contribute 10 to 20% to the over-
all source strength of COS (4–6). Because
of its long lifetime, the COS mixing ratio is
relatively constant throughout the tropo-
sphere at about 500 parts per trillion by
volume ( pptv) (1, 7, 8), although a small
decline of 0.25%/year throughout the past
24 years has been recorded (9). The avail-
able data on the vertical profiles of COS
exhibit no significant vertical gradient in
the troposphere and a slow decrease above
the tropopause (1). Much of the COS reach-
es the stratosphere, where photolysis and
oxidation lead to the production of SO2 and

eventually to sulfate particles (2, 4, 10).
The stratospheric aerosol layer has an im-
portant impact on the radiation budget of
the stratosphere, its dynamical structure,
and its chemistry (11). With the exception
of SO2, other sulfur compounds, such as
CS2 or DMS, have much shorter lifetimes
than COS and are assumed not to contribute
appreciably to the sulfur budget in the
stratosphere except during volcanic
eruptions (2).

Here we present observations of COS
and other related trace gases in the upper
tropical tropopause region. The measure-
ments were performed by passive absorp-
tion spectrometry in the infrared with the
Sun as light source (12). We discuss
ground-based observations performed dur-
ing two Atlantic cruises on board the
German research vessel Polarstern, where
the tropics were passed in October to
November 1996 and December to January
1999 –2000. These observations are com-
plemented by space-borne observations
above the Pacific from the ATMOS in-
strument flown on board the space shuttle
in November 1994.

Absorption spectra of COS and CO were
analyzed in the spectral region between
2000 and 2200 cm�1. The spectroscopic
data for all molecules were taken from the
most recent versions of the HITRAN and
ATMOS database (13). The inversion of

the cruise spectra to retrieve the trace-gas
concentrations was implemented with
SFIT2, an optimal estimation method, de-
veloped at NASA Langley and at the Na-
tional Institute for Water and Atmospheric
Research (NIWA) in Lauder, New Zealand
(9). The pressure broadening of isolated
spectral lines enables the determination of
vertical concentration profiles up to a 30-
km altitude, with relatively coarse resolu-
tion of 
4 km in the altitude region dis-
cussed here. The initial mixing ratios for all
trace gases for the cruise analysis are based
on balloon observations. For the cruise
data, we estimate the precision of COS and
CO to be on the order of 10 to 15% for
averaged altitude layers of 4-km thickness
(14 ). The ATMOS spectra were recorded in
November 1994 during sunset in occulta-
tion geometry, yielding the concentration
profiles with an altitude resolution of 
1 to
2 km (15). These spectra were analyzed
with GFIT, a code developed for the anal-
ysis of balloon and satellite spectra (16 ).
The error bars on the ATMOS volume mix-
ing ratio (VMR) profiles represent their preci-
sion, which is estimated from the goodness of
the fits to the measured spectra.

The cruise data from the Atlantic (Fig.
1) show an unexpected positive gradient of
the mixing ratio of COS between the
ground and the tropical tropopause during
both cruises. Enhanced mixing ratios up to
600 pptv were found below the tropical
tropopause, at altitudes between 10 and 18
km. The ship-borne observations are sup-
ported by the ATMOS observations from
the tropical Pacific (Fig. 2), which also
reveal a COS enhancement in the upper
tropical troposphere at 16 km. Although the
COS enhancement of the individual profile
shown is within the order of the uncertain-
ty, other ATMOS profiles close to the
equator consistently show the same feature.

Numerous studies of the composition of
the tropical troposphere, including observa-
tions of COS, were performed during sev-
eral campaigns, e.g., PEM-West, PEM-
Tropics, Safari, and Trace-A (17–19).
However, these COS measurements were
limited to altitudes below 12 km. The only
previous COS measurements in the upper
tropical troposphere were reported by
Leifer (20).
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